Abstract The inhibition effects of total ammonia nitrogen (TAN) on aceticlastic methanogenic activity using biomass from thermophilic anaerobic reactors were investigated in this study. Anaerobic Toxicity Assays (ATA) were conducted after the biomass was acclimated to different levels of TAN. The TAN background concentrations in the reactors were 400, 1,200, and 3,050 mg/L. The results from ATA showed: 1) high TAN concentrations could cause inhibition of aceticlastic methanogens; 2) biomass acclimated to higher TAN concentrations could alleviate the inhibition effect due to the increase of TAN concentration; 3) the lethal TAN concentration for methanogens was approximately 10,000 mg/L regardless of the background TAN concentration; 4) ATA results also revealed the role played by pH. At a given TAN concentration, methanogenic activity varied with the pH values. The highest methanogenic activity was always observed at a pH of 7.0~7.5. 5) It was also observed that acclimation could increase the pH tolerance range, which made methanogens less sensitive to pH changes.
Introduction
Anaerobic processes operated under thermophilic conditions have gained more attention, because thermophilic digestion has many apparent advantages, such as high pathogen destruction, enhanced hydrolysis of complex biological materials, and significant reduction in foaming. It has been the technology of choice in the field of sludge stabilization due to better volatile solids destruction, higher biogas production potential and, most importantly, the production of residual biosolids that meet US 40 CFR part 503 Class A biosolids specification (Han et al., 1997) .
However, anaerobic digestion operated at higher temperatures is fairly sensitive to environmental changes such as pH, temperature, etc. It is in this context that the inhibition effect of common cations and ammonia on the thermophilic anaerobic process becomes significant.
Ammonia is the main hydrolysis product of the degradation of organic proteineous material. Thermophilic anaerobic digesters used for the treatment of animal wastes such as swine manure, cattle and poultry wastes and some of the industrial wastes such as food processing waste streams often encounter very high ammonia concentrations.
Ammonia is an essential nutrient for anaerobic microbes. Total ammonia nitrogen (TAN) concentrations of approximately 200 mg/L are believed to be beneficial to the anaerobic process. However, high concentrations of TAN can decrease microbial activities. Many studies (Van Velsen, 1979) have reported the toxic effect of ammonia when TAN levels are increased to 2,000 mg/L. Acclimation is another phenomenon that needs to be evaluated. When methanogens become acclimated to ammonia, higher TAN levels can be tolerated. Parkin and Miller (1982) found that their mesophilic system could operate well without significant inhibition at TAN loads of 9,000 mg/L after acclimation.
In anaerobic systems, there exist equilibriums among ammonium ion (NH 4 ammonia (NH 3(aq) ) in solution, ammonia (NH 3(g) ) in gas phase, hydrogen ion (H + ) and hydroxyl ion (OH -), as shown in Eqs. (1), (2) and (3):
where K a , K w , K H = equilibrium constants. Apparently, from Eqs.
(1) and (2), the [ammonium]/[ammonia] ratio is pH dependent. Therefore, to study the ammonia inhibition, pH needs to be considered.
Since most previous studies on ammonia inhibition were conducted under mesophilic conditions, to further promote the application of thermophilic digestion, more work needs to be done to evaluate the effect of ammonia on the process. In this paper, ammonia inhibition was studied under thermophilic conditions combined with pH and acclimation effects. 
Batch experiments (ATA).
The acclimated biomass from the CSTRs was collected after the reactors had reached a steady state which was defined by constant daily biogas production, effluent volatile fatty acid (VFA) concentrations and operating pH values within 5% variation for 5 consecutive days in each reactor. Batch anaerobic toxicity assays (ATA) were then conducted in 250 ml serum vials containing 100 ml of mixed liquor from the reactors. Acetic acid (HAc) was used in these batch tests as substrate to study aceticlastic methanogenic activity. The vials were sealed with butyl rubber stoppers and incubated in a shaker chamber set at 200 rpm and 55°C. At the beginning of each experiment, pH and TAN were determined and each experiment was conducted in duplicate. Biogas production was measured every 4-12 hours. Cumulative methane production was then calculated and specific methanogenic activity (SMA) was determined.
Sampling and analysis methods. The pH and biogas productions of the CSTRs were measured daily. The pH values were measured by an Orion pH probe and a meter, and biogas production was measured using Wet Tip Gas Meters (Rebel Point Wet Tip Meter Co.). The gas production in batch tests was measured using a series of syringes of different volumes equipped with metal hub needles. The biogas composition was measured using gas chromatography (GC). The GC column used for the analysis detected relative proportions of nitrogen, methane, and carbon dioxide. The GC system was calibrated using a custommade gas standard, which contained 5% nitrogen, 70% methane, and 25% carbon dioxide.
Assay methods. The modified Gompertz equation has been approved statistically to be sufficient to describe the bacterial growth (Zwietering et al., 1990) of L. Plantarum. The equation was employed in this study to describe the cumulative methane production curve in a batch experiment (ATA) based on the study of Lay et al. (1996) , who related the bacterial growth to metabolic biogas production. (4) where M = cumulative methane production; λ = lag-phase time; P = methane production potential; R′ = methane production rate for the batch test; e = exponential 1.
The effect of ammonium or ammonia on methanogens at a specific pH was described by the extended Monod equation. (5) where R(I)′ = methane production rate observed at a pH and a substrate level; R m = maximum methane production rate; S = substrate concentration; K s = half-saturation coefficient; I = inhibitor concentration; I * = lethal ammonium/ammonia concentration; n, m = coefficients.
The effect of pH on methanogenic activity at a given TAN concentration was analyzed by a Michaelis pH function (Angelidaki et al., 1993) , normalized to give a value of 1 as the central value as shown in Eq. (6), where pK l and pK h are lower pH drop-off value and higher pH drop-off value, respectively. (Drop-off is defined as the pH at which methanogenic activity is reduced by 50%) (6) where F = specific methanogenic activity at a particular pH with TAN concentration fixed; pK l = lower pH drop-off value; pK h = higher pH drop-off value; R 0 = methane production rate at optimum pH.
Results and discussion
Monod kinetic constants determination. As the first part of the study, a series of batch tests were run at different substrate (acetic acid) concentrations (110.9 mg/L, 537.6 mg/L, 964.3 mg/L, 1,390.9 mg/L, and 1,817.6 mg/L as COD) to determine the baseline Monod constants. The biomass used was taken from the CSTR that was subjected to a background ammonia concentration of 400 mg/L, solely from the substrate. It was assumed that at this condition, there was no ammonia inhibition. The cumulative methane production from each batch was recorded and a curve was fitted using the Gompertz equation by leastsquare non-linear regression. The R′ determined from the Gompertz equation was used as specific methanogenic activity (SMA) after being divided by volatile suspended solid (VSS). Figure 1 shows the SMA at different substrate levels. Monod kinetic constants (R = R max (S/S + K s )) were subsequently determined using linear regression (K s = 690 mg/L as COD and R max = 1930 ml CH 4 /g VSS/day).
Effect of TAN on methanogenic activity at various pHs for different acclimated biomass. Acclimated biomass, obtained from steady-state anaerobic CSTRs operated at different TAN acclimation concentrations, was used for ammonia toxicity study. The toxicity assays were conducted in serum vials with the pH adjusted to 6.5, 7.0, 7.5, and 8.0 and phosphate buffer solution was added to stabilize the pH. At each pH, the ammonia concentrations in serum vials were adjusted from background concentration up to 10,000 mg/L as T. Liu and S. Sung Three kinds of acclimated biomass were used in the serum vial tests. They were acclimated to ammonia concentrations of 400, 1,200, and 3,050 mg/L as TAN. For each acclimated biomass, SMA was determined at various pHs and TAN concentrations in batch tests as plotted in Figures 2, 3 , and 4.
The extended Monod equation was used to study ammonia inhibition at a given pH. Non-linear least square regression function [nls( )] in S-plus statistic software package was performed to determine the parameters I*, R m , n, and m in Eq. (5). The solid lines in the figures are predicted values using Eq. 5 with fitted parameters (I*, R m , n, m). In Figure 4 , the experimental points at highest TAN concentration were not included in the regressions since methanogens did not show activity at these TAN levels. The best-fit parameters are summarized in Table 1 . From Table 1 , it was noticed that n did not change greatly for each acclimated biomass, which suggests n has no clear correlation with pH. Meanwhile, acclimation to a higher level of TAN concentration could lower the parameter n while increasing m at the expense of R m . Throughout the batch tests, n values were less than 1. And, n > 0 and (Grady et al., 1999) .
The results from the run with biomass acclimated to TAN concentration of 400 mg/L show a sharp linear decrease in SMA with increasing TAN concentrations. For biomass acclimated to TAN concentrations of 1,200 and 3,050 mg/L, the fitted curves show a convex trend. In this study, biomass acclimated to TAN concentrations of 400 mg/L and 1,200 mg/L showed peak SMA of approximately 1,400 mL CH 4 /gVSS/day. However, for TAN concentration of 3,050 mg/L, the peak SMA dropped to 1,100 mL CH 4 /gVSS/day. The peak SMA values were always observed close to the acclimated TAN concentrations in the CSTR from where the biomass was taken for the experimental runs. The decreasing trend from the peak point of the curve to the y-axis (TAN concentration = 0 mg/L) may be caused due to the effect of TAN osmotic pressure difference between acclimation and test concentrations. The acclimation effect can be observed by looking through Figures 2, 3 , and 4 sequentially. The fitted curves became flatter and the difference among curves due to different pH became smaller. The methanogens after acclimation to higher levels of TAN became less sensitive to the changes of TAN and pH. 6.5 7 7.5 8 8.5 pH SMA (ml CH4/g VSS/day) TAN=0 TAN=2000 TAN=4000 TAN=6000 TAN=8000 Table 2 . Figures 5, 6 , and 7 indicate that aceticlastic methanogens show activity only within a narrow pH range between 5.5 to 8.5 and can be inhibited by higher TAN concentrations. After acclimation, though there was a decrease in the peak SMA, the curves become flatter suggesting that the methanogens could operate over a wider range of TAN concentrations and pH.
As can be seen from the above figures, the Michaelis model predicts the pH effect well (pH effect can also be understood as another inhibition). The highest activity is observed at a small range of pH of 7.0~7.5 from the batch tests for the acclimated biomass.
It can be observed that pK l~p K h drop-off ranges narrow down for acclimated biomass with increase in TAN concentrations. Acclimation to a higher TAN concentration (1,200 mg/L and 3,050 mg/L) could increase pK l~p K h drop-off ranges to some degree. This proved that acclimation could also reduce the pH effect. 6 . 5 7 7 . 5 8 8 pH SMA (ml CH4/g VSS/day) .5 TAN=0 TAN=2000 TAN=4000 TAN=6000 TAN=8000 Figure 7 Relationship between SMA and pH at various levels of TAN for biomass acclimated to 3,050 mg/L of TAN 
